We study the effect of initial states on the chirping excitation of NO molecules in order to interpret recent experimental data. The results show that excitation is efficient when the probability density localizes along the polarization direction of the external field. Therefore, the thermal effect on the density distribution must be taken into account for the experimental case of 15 K. Furthermore, as the adiabatic limit is fully satisfied, the interference pattern of excited state populations disappears. This becomes a limiting factor under experimental conditions. We also find that excitation can be enhanced significantly when the pulse intensity is increased to fit the adiabatic criterion.
Introduction
The control of molecular dynamics and its reaction yields by lasers have been investigated extensively over the last two decades. Among the various approaches that have been proposed , of particular interest is that based on multiphoton vibrational excitation and the dissociation of molecules by intense, infrared laser pulses adapted appropriately to the inherent molecular structure [3, 25, 26] . One might expect the laser to selectively excite or break a particular molecular bond rapidly, resulting in a chemical reaction on a time scale which is shorter than the various relaxation time scales in the molecular medium. However, this kind of multiphoton process is difficult to achieve using monochromatic infrared pulses for two reasons. First, the population transfer between two neighbouring vibrational states is small because of the small transition moment. High-intensity lasers can increase the transition efficiency of low-lying states to that of the high-vibrational states. However, the molecular dissociation is then overwhelmed by atomic ionization and rapid monochromatic excitation is limited by such destructive processes in the mean time [27, 28] . Secondly, the anharmonicity of molecular vibrations is responsible for this difficulty of sequential transitions among the molecular ladder climbing. If the laser frequency is tuned to optimize the first vibrational transition, the second transition will be out of resonance and the population inversion will be reduced dramatically.
Several methods of increasing the vibrational excitation rates have been suggested, such as using modulated amplitude or phase pulses, or irradiating molecules with a train of optimal pulses [1, 5, 26, [29] [30] [31] [32] . As suggested by Chelkowski and co-workers [2] [3] [4] , vibrational excitation will increase significantly if the laser frequency is tuned to the subsequent transition frequencies when the inversion in the previous transition is already accomplished. This specific frequency-sweeping (chirping) pulse provides a more robust method of population transfer (adiabatic passage) than other methods on a time scale which is shorter than the relaxation time [2, 33] . However, although these specific chirped pulses are optimal for the molecular structure, it is hard, in practice, to construct such pulses. It has been shown that linear chirped pulses can also achieve almost the same vibrational excitation and dissociation of diatomic molecules as the optimal chirped pulses [13] [14] [15] [16] . Furthermore, interference in the vibrational ladder will make the excitation complicated and impose additional constraint on the transition efficiency. Lin and Jiang [14] demonstrated excitation interference for the one-dimensional (1D) HF molecule versus chirping parameters and field strength in both the classical and quantum calculation without the rotational degree of freedom. This interference is mainly due to the competition between non-resonant multiphoton excitation and resonant multi-step excitation, which has been explored experimentally for rubidium atoms by Balling et al [17] . Recently, Maas et al [18, 19] performed some NO molecular chirping excitation experiments and investigated the rotational interference in the vibrational ladder climbing using a threelevel model. This rotational interference is more important in a molecular system than the earlier competitive mechanism in the rubidium atom experiment [17] and in one-dimensional molecular systems [13, 14] . It also demonstrated that the oscillatory behaviour in the excited populations of NO molecules is not as clear as in the rubidium case for the chirping parameters used in these experiments. Therefore, it is interesting to explore the possible factors which lead to the vagueness of the beat pattern.
There has been little discussion about the effects of initial states and the intrapulse pumpdump process on chirping excitation [4, 8] . Consequently, our work will focus on these two themes. The paper is organized as follows. In section 2 we briefly describe our numerical method of full dimensional time-dependent calculation and the relationship between intensity and chirping which puts constraints on the adiabatic passage. Results and discussions are presented in section 3. We examine the chirping excitation of NO molecules by infrared lasers of different pulse intensities. The NO molecules are prepared in different initial states. Since the interference decreases as the transitions approach being fully adiabatic or diabatic, it is worthwhile studying the effect of intensities on the population transfer. We also include the thermal distribution of initial states in the population-transfer calculation and compare the results with experimental data and our previous calculated results [12] . Finally, a summary is given in section 4.
The numerical method: the split-operator algorithm
Under the Born-Oppenheimer approximation, the rovibrational states |φ ν,l in the ground electronic state can be described by the solution of the Hamiltonian
To model the NO molecule, the potential parameters D e = 0.2388, β = 1.4648, µ m = 13 709.9499 and R 0 = 2.175 au are used. Here R denotes the relative coordinate of the atomic nuclei and µ m represents the reduced mass of atoms N and O [15, 16] . Atomic units are used hereafter unless stated otherwise. Omitting the rotational termL 2 /2µ m R 2 reduces the system to a 1D model. In addition, the unperturbed Hamiltonian supports 55 vibrational bound states and rotational levels are associated with each vibrational state. The electric field of the chirped pulse can be expressed as
where φ(t) = t −∞ ω(t ) dt is the phase of the pulse at time t with chirped frequency ω(t). The light pulse is chirped by passing it through a pulse shaper which is centred around ω 0 with a small bandwidth ω and duration τ 0 [18, 34] 
and a stretched pulse duration τ
where the α is the chirping parameter and is determined by the experimental conditions. If α τ 0 2 , the instantaneous frequency changes linearly in time during the pulse, with the rate of change dω/dt being approximately inversely proportional to the chirping parameter α:
In the case of adiabatic passage, dω/dt (≈ 1/2α) and E m (∝ √ τ 0 /τ ) decrease as α increases. Therefore, these two parameters compete with each other on both sides of the adiabatic criterion dω/dt 2 Rabi which is often violated in our present calculation and
is the Rabi frequency, (t) = (2d l ,l E(t)/h) ν |µ(R)|ν and (t) is the detuning of the carrier frequency from the transition frequency. µ(R) is the dipole moment and d l ,l is equal to
For the electric field linearly polarized along the z-direction, the time-dependent Schrödinger equation (TDSE) is
where the effective potential
p a = 0.2772
which is fitted to the ab initio calculation results of the 2 -2 transition dipole moment [35] . In fact, the ground state doublet X 2 1/2 and X 2 3/2 are split by 119 cm −1 due to spin-orbit interaction. This open-shell property makes the dipole moment and transition more complicated than the closed-shell cases. However, the spin is conserved during the excitation process so that only the integral angular moments l are involved in the calculation. It is not difficult to identify the spectra using current experimental techniques. We will focus our calculation on the X 2 1/2 state only.
The above time-dependent system is propagated by the split-operator algorithm [37] . The wavefunction is expanded into partial waves:
The kinetic propagation of the radial wavefunction is accomplished by the fast Fourier transform method between coordinate and momentum spaces at each time step [38] . For the linearly polarized field, the azimuthal quantum number m is conserved and hence the system is actually two dimensional. In addition, the propagation of the dipole coupling term can be solved analytically. We can write the angular coupling in terms of the spherical Bessel function and expand the product of the wavefunction and this coupling term as follows:
Then, the time-dependent radial part becomes
where
)| and j n (kµ) is the spherical Bessel function of order n.
In the numerical calculation, the corresponding experimental parameters are followed. The NO molecules are irradiated by the (sub)picosecond chirped pulse with intensity
Assume there is no energy loss before or after chirping, the output pulse has a field strength E m = √ I max τ 0 /τ , which is smaller than the input pulse field strength due to the stretched duration, and the input pulse intensity I max = 10 10 W cm −2 . The infrared laser frequency is 1850 cm −1 with a bandwidth limit of 40 cm −1 [18] . In our calculation, the wavefunctions are sampled in a grid of 2048 points extending to 48 au, and 10-15 partial waves are used in the angular expansion. The population of the highest angular momentum partial wave is less than 10 −14 at the end of propagation. In the field-free calibration, the norm of the wavefunction is accurate to the tenth decimal place during a propagation time of 0.37 ps. This ensures the reliability of our presentation of small probability.
The population probability of the νth state, P ν (t), is defined as
where P ν,l (t) = | φ ν,l (t)| (t) | 2 denotes the population of the lth rotational level of the νth vibrational state at time t and ν = 0, 1, 2, . . . , 54.
Results and discussions

The effect of initial states on the population excitation
It has been shown that the accessible excitation pathways have a great influence on the population transfer [17, 18, 20] . It is, therefore, intriguing to examine the dependence of excitation on the initial states. We calculate the populations to the first and third excited vibrational state, P 1 and P 3 , for different initial states at intensity 10 10 W cm −2 , shown in figures 1 and 2, respectively. Figure 1 has two notable features. First, P 1 is almost the same for all values of the chirping parameter α. This has been verified by experimental results [20] and theoretical calculations [12, 20] . The insensitivity regarding α is due to the fact that the pulse always has the opportunity to sweep across the ν = 0 → 1 transition for all α values. Secondly, for the states of the same ν, l but different m, the populations are different and decrease as the azimuthal quantum number m increases. This is because the angular coupling part d l ,l ≡ Y l ,m | cos θ |Y l,m decreases when the value of m increases. It is expected, Figure 2 . The third excited state populations P 3 against chirping parameter α at the end of the pulse. All the symbols and pulse parameters are the same as in figure 1. intuitively, that the small m state has a larger density along the field polarization direction and is more more easily excited than large m states. This point was also confirmed by the strong field calculations of inert gas atoms in both the single-active-electron (SAE) model [39, 40] and ab initio time-dependent density functional theory (TDDFT) [41] .
The P 3 population depicted in figure 2 uses the same parameters as in figure 1 . We can see that the populations depend on the initial quantum number m and the population oscillation is more significant for small m than for large m. From the field-dressed three-level model, the interference pattern is determined by the excitation pathways from the initial state to the final state which are functions of intensity I max and chirping α. The interference will disappear when the excitation is fully adiabatic or diabatic. This means that the diabatic (adiabatic) condition can be satisfied only when the frequency sweeping is very large (small) compared with the Rabi frequency. For the experiments with Rb atoms and NO molecules [12, 17, 20] , these two critical limits are not satisfied and we can see the oscillatory structure of populations against α. Although the Rb excitation has a clear oscillatory structure within a small range of values of α, the NO molecular experiment [20] demonstrated an unclear oscillation for α within −3 × 10 −25 s −2 . The difference between chirping excitation for Rb atoms and NO molecules comes from:
(a) The α 2π oscillation period, π/A, where A is the area enclosed by the field-dressed three levels [17, 20] , is larger for NO higher vibrational states than the Rb system. Therefore, in order to see the oscillation structure, we have to extend the chirping to large values as in figure 5 of [19] . (b) The Rb system is nearly a three-level system (5s, 5p and 5d), while there is a rotational manifold coupled with each vibrational state in NO which makes the transition more complicated than a simple three-level system and obscures the interference pattern. (c) The transition moment of NO is smaller than the Rb transition moment by about one order of magnitude. The small NO transition moment leads to a weak excitation process which is more non-adiabatic than the Rb system and results in a vague population compared with Rb. The same reason can be applied to the oscillatory structure in figure 2 where the low-m initial states have significant oscillation populations but the high-m initial states result in smooth excitation populations. To sum up, the larger the transition moment is, the more sensitive the excitation population against the chirping parameter will be.
To give an idea of the role of initial states on excitation, figure 3 shows the P 3 population from different states |ν = 0, l = 0, . . . , 8, m = 0 with two different chirping parameters and I max = 10 10 W cm −2 . The most efficient initial states are located at around l = 4 and it is difficult to interpret why the excitation decreases for l greater than 4 in this complex process. It is possibly related to the fact that for high quantum numbers, l, the transition moment approaches a limiting value, i.e. d l ,l → 1 as l → ∞, and the intrapulse pump-dump mechanism becomes important as l > 4. Another possible cause is the interference due to different excitation routes that makes the population small for l > 4 at these specified chirping parameter values. We should note that figure 3 is for just two specific chirping parameters and there is insufficient evidence to assert that the best efficiency is achieved at around l = 4 according to the oscillation of populations versus α. Figure 4 shows the P 3 populations of initial states |ν = 0, l = 5, m with α = −1.0×10 −25 and −1.5 × 10 −25 s −2 . It is easy to understand the population decreases with increasing m due to the small transition moment of large m, and the low-m states oriented along the polarization direction of the laser field are easily excited to high-vibrational states.
The thermal effect and the excitation process
As mentioned above, the intrapulse pump-dump may play an important role during the excitation process. It is worthwhile exploring this process in detail. First, in figure 5 , we plot the populations P ν as functions of time which shows that the populations are excited sequentially by frequency decreasing order, ν = 0 → 1 at −1.5 ps, ν = 1 → 2 at −0.5 ps and ν = 2 → 3 at 0 ps (the pulse starts at about −4 ps). In the initial stages of the ν = 0, l = 3 → ν = 1 transition, there is a population fluctuation, due to the Rabi oscillation, and a small fraction of the population comes from the dump to ν = 0, l = 1 or 5. This can be seen from figure 6(a) where the population oscillations of P 1,4 and P 1,2 are clear and P 1,4 is populated earlier than P 1,2 since the chirping is from blue to red. Figure 6 (c) shows the dump population for the ν = 1, l = 4 → ν = 0, l = 5 and ν = 1, l = 2 → ν = 0, l = 1 transitions after a 0.5 ps time delay of the ν = 0 → ν = 1 excitation. Mishima and Yamashita [8] demonstrated that the excitation population distribution will change from high vibrational states to lower vibrational states in two-vibronic potential energy curves (PECs) due to the intrapulse pump-dump process when the number of vibrational states in the ground electronic state changes from one to four. This pump-dump mechanism may inhibit the chirping excitation efficiency in addition to the excitation pathway interference although the dump populations are small in our calculation. The pump and dump histories of the ν = 2 state are also plotted in figures 6(b) and (d) where the dump populations are of the same order of magnitude as the pump populations in contrast to the ν = 0 ←→ ν = 1 transition. As the transitions approach being fully adiabatic or diabatic, the interference will decrease. Therefore, it is interesting to study the effect of intensities on the population transfer. The adiabatic criterion dω/dt one of the plausible ways to control the excitation within the adiabatic regime is to increase the laser intensity. In our previous calculation [12] , the adiabatic condition is not satisfied due to the low field intensity, and we therefore calculate the population transfer of P 1 and P 3 at different intensities to investigate the influence of E m on population transfer. In figure 7 we can see that the P 1 population increases by one order of magnitude and that the P 3 population increases five orders of magnitude when the intensity increases by two orders of magnitude (E m increases by one order of magnitude). This is a dramatic increase for high-vibrational-state excitation where the pulse improves the adiabatic condition significantly for high-vibrational states. However, the change in low vibrational states is limited because these states are excited at around maximum pulse intensity E(t = 0), while the high states excitation occurs around the pulse decay region. Physically, the vibrational populations have to take into account the rotational thermal effect before the molecule interacts with the chirped pulse. Therefore, the final population for each specific vibrational state must be averaged over the rotational thermal distribution. In figure 8 the populations P 1 and P 3 are averaged over the thermal distribution of rotational states up to l = 3, |m| = 3 at T = 15 K. In figure 8(b) we can see that the two local maximum populations at α = −5 × 10 −26 and −1.5 × 10 −25 s −2 are smoothed out in comparison with figure 3 in [12] . Furthermore, our calculation shows descending populations for α at around −3.0 × 10 −25 s −2 in agreement with the experimental results [20] where the numerical simulation with a few coupling states gives ascending populations at around α = −3.0 × 10 −25 s −2 . This implies that the pathway interference, as well as the thermal average, have to be considered in the population calculation.
Conclusions
We have examined the chirping excitation process of NO molecules and its limitation in detail. To reach efficient excitation, the frequency-sweeping rate must satisfy the adiabatic criterion dω/dt 2 Rabi and the chirping interference pattern of population will disappear in the adiabatic limit. On the other hand, to cope with this criterion, one can increase the field intensity when the transition moment is small and the frequency-sweeping rate is finite. For a strong field the ionization process will dominate the dissociative one and the intrapulse pump-dump mechanism is no longer negligible. As a result, the dissociation of diatomic molecules in medium intensity will be limited by the interference pathways and the pumpdump mechanism. We have neglected the NO open-shell nature and its upper doublet state in the calculation. This could make the interference pathway simpler and their coupling different from the actual NO chirping excitation, and hence, the populations might be a little different from the experimental result. However, the calculations still provide useful insights into the chirped-pulse excitation dynamics.
When the field-matter interaction involves more than three atomic species, namely, the polyatomic molecular excitation and the laser-excitation collision [42] [43] [44] [45] [46] , a full calculation is nearly impossible with present computational power. It is also difficult to describe such a complicated process in a simple analytical form, and then numerical TDSE is usually a necessary and feasible solution. Therefore, in order to understand the energy transfer and distribution, and relaxation processes due to the presence of collisions or the coupling of neighbour bondings in the chirping excitation of a specified molecular bond, an efficient, accurate and simple numerical approximation scheme is required [42, 43, 47] . It is our future goal to look for a suitable method to study the factors that influence the state-selective chirping excitation.
